Background Prospective evaluation of atlanto-occipital dissociations (AODs) at a level 1 trauma centre within 5 years. Methods Over a period of 5 years (2005)(2006)(2007)(2008)(2009), all CT scans of the skull base and the upper cervical spine due to traumatic injuries were prospectively entered into a database. Furthermore, in cases of confirmed AOD all empirical data were prospectively collected. A more detailed data analysis of all AOD patients was conducted 2 years post-trauma. If required, another prospective follow-up was performed. Results 2,616 CT scans were performed in total. Out of these, there were five male patients with confirmed AOD. Thus, the total incidence was 0.2 %. AOD was associated with occipital condyle fractures in three out of the five cases. Three out of five patients (60 %) died due to the severity of the injury. It was possible to stabilise two patients surgically with a clinical/radiological follow-up 2 years post-surgery. At that time, one patient had an incomplete tetraplegia and was wheelchair ridden without needing ventilation, while the other patient suffered from post-traumatic stress disorder, but was able to walk and live alone. Conclusions AOD is a rarely seen injury, even in a level 1 trauma centre, and is associated with high morbidity and mortality. However, it is possible for adults to survive this severe occipito-cervical injury after surgical repair while maintaining the ability to walk. All the results and recommendations are still based on a low level of evidence, due to the low incidence of this injury.
Introduction
Atlanto-occipital dislocations (AODs) and dissociations are rarely detected injuries, even in a level 1 trauma centre, and they are associated with a high level of mortality even during the preclinical phase [1] [2] [3] . An accurate incidence of AOD was reported by Bucholz and Burkhead [3] who reported an 8 % incidence (9 out of 112 victims of multiple traumas) of AOD following motor vehicle fatalities. Moreover, AOD was the single most common injury of the cervical spine in victims of multiple traumas, and the incidence in children was significantly higher than that in the adults in this series.
Up to now, the clinical incidence of this traumatic injury has only been based on retrospective estimates, which were dependent on the inclusion criteria [4, 5] . Despite the availability of several, radiological and conventional evaluation procedures for the detection of AOD [6] [7] [8] [9] [10] [11] [12] , it still remains unclear as to whether the injury per se or the severity of comorbid trauma leads to death.
Only 48 publications with 79 retrospective patients were found in a literature research covering the period between 1966 and 2001 [13] , and a literature search by Gregg et al. [14] identified only 135 cases of survived AOD. Moreover, the authors of this study found in the literature (Medline search) only six publications within the last 10 years including at least five patients with AOD ( Table 1) .
The small number of cases explains the different treatment recommendations without any evidence, ranging from conservative therapy (distraction only) with neck support and Halo fixator to different cranio-cervical decompression and fusion methods [11, [14] [15] [16] [17] [18] [19] [20] .
As a result, we conducted a prospective study, for which we included all cases of occipito-cervical injuries (C0-C1) in our hospital between 01/01/2005 to 12/31/2009 and performed a 2-year post-injury radiological and clinical follow-up, if needed.
With this study, we would like to describe our experiences with five AOD patients in detail for the first time after 5 years of prospective follow-up.
Materials and methods
In our level 1 trauma centre (University Hospital Regensburg), a total of 2,616 CT scans (cranial and/or cervical CT, including multiple trauma CT) were made that included the base of the skull and the upper cervical spine during a prospective study between 01/01/2005 and 12/31/2009 (cut-off date). The indication with all of these cases was the detection or exclusion of a cerebral and/or cervical injury following trauma, according to the Advanced Trauma Life Support (ATLS) general treatment guidelines. In all cases, the scans were performed in layers of at least 1-2 mm between C0 and C2 including axial, sagittal, and coronal reconstruction of the condyle region (Siemens, Somatom Sensation-16, Germany). All CT scans were documented prospectively.
The six following radiological parameters were used for the exclusion/confirmation of AOD, whereby the radiographic methods were used either in isolation or in combination to evaluate AOD.
Type of dislocation
According to Traynelis et al. [21] , the AOD was classified into three types based on the direction of dislocation: type 1, anterior; type 2, longitudinal; and type 3, posterior. Lateral, rotational, and multi-directional dislocations that could not be classified into one of these three types were considered separately and noted as ''other type''.
Basion Dens Index (BDI)
According to Wholey et al. [10] , a displacement of more than 10 mm between the basion and the tip of the odontoid was considered abnormal.
Basion Atlas Index (BAI)
According to Harris et al. [6, 7] , a displacement of more than 12 mm or less than -4 mm between the basion and the posterior C2 line, or a displacement of more than 12 mm from the basion to dens was considered abnormal.
X-line
According to Lee et al. [8] , the X-line method is considered abnormal if the line from the basion to the axis spinolaminar junction do not intersect C2 and if a line from the opisthion to the postero-inferior corner of the body of the axis does not intersect C1. BC/OA powers ratio According to Powers et al. [9] , the ratio of the basion and posterior atlas arch distance (BC) divided by the opisthion and anterior atlas arch (OA) distance equal to or greater than one was considered abnormal.
Pang rule (22) According to Pang et al. [22] , four measurement points are set for each of the major joint dislocations in selected sagittal and coronal CT scans, in order to measure the immediate distance between occipital condyle and C1. The average of these eight measurements represents an interval (condyle-C1 interval [CCI]). A CCI value of 4 mm or more is considered as a confirmed AOD.
If an AOD was detected (interdisciplinary by radiology and trauma surgery), empirical data and the further clinical course of the patient, including injury pattern, were recorded in an additional database as follows: sex, age, cause of accident, comorbid trauma, initial Glasgow Coma Scale (GCS) rating, and Injury Severity Score (ISS).
Generally, confirmation of AOD was an indication for occipito-cervical stabilisation using an internal fixator and spondylodesis, irrespective of the severity of the comorbid trauma. Stabilisation of the cervical spine was performed up to the vicinity of C2/3, with the screws being inserted bilaterally using the ''lateral mass screw'' method. Several screws were bilaterally positioned in the occipital region.
Two years post-trauma, the lead author and another co-author performed a prospective follow-up, for which patients were contacted by telephone or in writing for an outpatient visit. Clinical follow-up and another CT scan of the condyle region (C0-C2) in 1-2 mm layers and reconstructions were conducted on this occasion, and the images were compared with those taken at the time of the trauma.
Results
A total of five male patients with AOD were identified out of 2,616 CT scans conducted. The mean age was 37.8 years (range 15-52), including one child (patient #5). Thus, the incidence of AOD in our population was 0.2 %. During the same time, 31 patients were diagnosed with occipital condyle fractures (OCFs) resulting in a clearly higher incidence of 1.19 % [23] .
Three out of five patients had a combined trauma (AOD and OCF), and the incidence of such injuries in our study population was 3 out of 2,616 patients, i.e. 0.11 %.
Four patients sustained high-energy injuries in a motor vehicle accident, and one patient fell from a tree, and the average injury severity score (ISS) was 44.4 points.
All five patients (100 %) with AOD were primarily diagnosed, and a Halo fixator was initially used for treatment in four out of five cases. Only one patient (patient #2) was primarily treated by means of occipito-cervical stabilisation using an internal fixator. On day 11 and 3 (post-trauma), respectively, the Halo fixator of patient #1 and #3 was removed and secondary occipito-cervical stabilisation was conducted. In one case (#1), postoperative CT scan documented unilateral C2 pedicle screw misplacement into the vertebral artery foramen (Fig. 1c) , but without neurological deterioration. Therefore we performed no revision. After surgical treatment, patients received a soft collar for 6 weeks, no one received Halo vest again. Three out of five patients (60 %) died on day 2, 7 and 11, respectively, posttrauma due to the severity of their secondary traumatic brain injuries. Additional empirical data of the five patients can be found in Table 2 . These data show clearly better radiological parameters (BDI, BAI, powers ratio, and pang rule) for both of the surviving adult patients (patient #1 and #2) compared to the two adult deceased patients (patient #3 and #4). The X-line was pathologic in all five cases, including the child (patient #5). Furthermore, the initial GCS showed clearly lower scores for all three died patients.
At the time of follow-up (2 years post-surgery), two patients were alive:
One patient (#1) (Fig. 1a, b, c) was unfit for work, but still able to walk and live alone. Due to the patient's young age, the occipito-cervical implant was removed 22 months post-surgery. There were no radiological or clinical signs of instability following this procedure, but the mobility of the cervical spine was considerably improved. The other patient (#2) (Fig. 2) had an incomplete tetraplegia and was wheelchair-ridden and dependent on care without needing ventilation, while imaging showed an appropriate in situ position of the internal fixator following primary wound healing.
Discussion
Up to now, the small amount of information with regard to AOD incidence has been solely based on retrospectively or prospectively created databases, without any objective proof of possible inclusion or exclusion criteria [4, 5] .
Furthermore, the methods used for the diagnosis of AOD have not been specified, even in current studies [15, 16] . With our prospectively designed study in a level 1 trauma centre (for the first time in the literature), all CT scans performed during a 5-year period-including cranial, cervical, and polytrauma CT scans-were primarily analysed and recorded with regard to existing AOD and occipital condyle fractures. The performance and indication, respectively, for CT were based on ATLS guidelines and criteria, and an adequate accident event was part of each case.
Out of 2,616 CT scans that were conducted over a period of 5 years, there were only five AOD cases, which were all primarily and consistently diagnosed by radiologists and/or trauma surgeons. Thus, the AOD detection rate and incidence, respectively, in our study were as low as 0.19 % i.e. 1-2 patients per 1,000 CT scans or a maximum of one patient per year. Chaput et al. [4] performed a retrospective analysis of a trauma database with a total of 1,174 patients over a 5-year period between 2005 and 2009 and identified a total of 14 AOD patients, resulting in an incidence of 1.19 %, which was clearly higher when compared to our study. However, empirical patient data have not been specified in this publication. One reason for the difference in incidence rates may be based on the fact that only few paediatric polytrauma patients were treated in our hospitals at the time of the study, while AOD is commonly found in paediatric trauma patients due to the smaller and horizontally aligned condyles: According to a Medline literature search by Gregg et al. [14] , 135 case reports of AOD survivors were identified, including 80 children and 55 adults. Surprisingly, AOD diagnosis was associated with occipital condyle fractures in three out of five patients (60 %) in our study. Up to now, these combined injuries have been documented and published only by Ahuja et al. (three out of six patients; 50 %) [19] .
Mortality in our study was 60 % (3 out of 5 patients), which is in line with results from other studies [4, 5] . For the three deceased patients including the child, an initial GCS of 3 points was shown, and the two adult patients needed temporary resuscitation at the accident site. This is consistent with the data published by Cooper et al. [5] , who performed a retrospective analysis of hospital and autopsy patients: as in our study, there were no surviving AOD patients, with an initial GCS of 3 or who had been resuscitated. However, one case report described complete neurological recovery of a 31-year-old man with AOD who had an initial GCS of 3 [14] . A variety of radiographic measurements have been proposed for the diagnosis of AOD on a lateral cervical radiograph: According to Wholey et al. [10] , a radiological displacement of more than 10 mm between the basion and dens (BDI) is considered abnormal. Moreover, and according to Dziurzynski et al. [25] the sensitivity for BDI is 100 % in CT scans, when the BDI is more than 10 mm. All five of our AOD patients including the child showed measurements of more than 10 mm.
A recent study [4] with 14 AOD patients in 2011 demonstrated 100 % mortality for cases with BDI measurements of more than 16 mm (4 out of 10 patients). In another recent study, 80 % of the deceased had BDI measurements of more than 16 mm [5] . Likewise, two of our three deceased patients showed measurements of 17 and 25 mm, compared to 11 and 15 mm, respectively, with the surviving patients. The only child in our study (age 15 years) showed BDI measurement of 13 mm, and died due to severe head injury. Therefore, a BDI value of 16 mm may in fact represent a limit in adult patients. On the other hand, and in accordance with Bellabarba et al. [26] , the classification by Traynelis et al. [21] has had no clinical relevance for our treatment. Moreover, the instability allows all three categories to be present in one single patient [17] .
Due to Powers et al. [9] , a ratio of the basion-posterior atlas arch distance divided by the opisthion-anterior atlas arch distance greater than 1.0 is considered abnormal. This ratio has high predictive value. On the other hand, some authors [6] [7] [8] 24 ] found a lower sensitivity of the Power's ratio. We have also seen confirmed AOD, although the Power's ratio was clearly lower than 1.0 (Fig. 1a, b) . On the other hand, clearly higher pathological measurements have been shown for both of the deceased adult patients (#3 and #4) (Figs. 3, 4 ) compared to the two adult surviving patients. Therefore, we can confirm that using only one imaging method may be insufficient for the reliable detection or exclusion of AOD [17] . Moreover, almost all the accepted measurements [6] [7] [8] [9] [10] [11] [12] have so far been based on conventional X-ray imaging with low case numbers, rather than on CT, which has become the ''gold standard'' for the detection/exclusion of AOD in the meantime.
Up to now, the only study based on CT scans in AOD patients was exclusively conducted in a paediatric population [22] . Therefore, it is difficult to apply these results to adult patients. However, we also used this measurement method for our study, although we had four adult patients in our study population, because these are the only valid measurements-collected with and without AOD detection-based on CT imaging [22] . The CCI index (Table 2) was clearly pathological for all of the five patients in our study, and the measurements exclusively showed bilateral dissociations.
If only native imaging is used for diagnosis, even severe AODs are overlooked [26] . Furthermore, it must be emphasised that imaging only provides a static momentary picture of the lying patient; however, the damage represents an extreme level of functional instability. Therefore, it must be considered, whether new measurement methods based on CT or even MRI should be evaluated in larger patient populations (including adults) in the future. However, MRI still does not play a vital role in the primary diagnostics of crash victims and polytrauma patients. And we cannot see a general indication for performing MRI imaging, when CT scans have shown consistently normal radiological measurements (BDI, BAI, Powers ratio and X-line). The classification suggested by Horn et al. [17] , for applying an external orthesis in cases of only moderately abnormal signs in posterior ligaments or occipito-atlantal joints in MRI imaging (grade 1 injury), seems exaggerated in adult patients. We consider a cervical collar to be sufficient. However, it must be emphasised that the results and findings published by Horn et al. [17] are partially based on injuries in a paediatric population; approximately 50 % of the patients were aged 18 years or younger. In recent studies, the therapeutic approach favours dorsal stabilisation and spondylodesis to avoid secondary neurological damage [17, 19, 26] . For this, different implants and methods have been described [18] .
In our facility, three out of five patients received bilateral occipito-cervical stabilisation using an internal fixator; two patients with unstable circulatory conditions were treated using a Halo fixator. Additional decompression via laminectomy was not performed in any of our cases, and there are differences in the literature with regard to the procedure and the evaluation of this method [26] .
Based on the available data, therefore, it remains unclear as to whether indeed all AOD patients benefit from and require, respectively, sophisticated dorsal occipito-cervical stabilisation, or if temporary external stabilisation alone using a Halo fixator may be sufficient for some of these patients, i.e. a subgroup [19] . However, this would require larger patient population, in order to allow for the identification of procedural measurement limits.
There is no doubt that patients with confirmed AOD must receive immediate treatment in order to prevent secondary neurological damage, which may become manifest if AOD is detected secondarily after a certain period of time [19, 26] .
Conclusions
AOD is a rarely seen injury, even in a level 1 trauma centre, and is associated with high morbidity and mortality. Rapid diagnosis by means of CT scans as a so-called ''gold standard'', and treatment initiation using immediate occipito-cervical stabilisation (if possible) or temporary application of a Halo fixator are crucial, because it is possible for adults to survive this severe injury after surgical repair while maintaining the ability to walk. All results and recommendations are still based on a low level of evidence, due to the scarcity of this injury.
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